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ABSTRACT
Rollover crashes have received more attention in recent years for several reasons. As part 
of a comprehensive plan for reducing the risk of death and serious injuries, the NHTSA’s 
Federal Motor Vehicle Safety standard (FMVSS) recommends that the roof strength of a 
vehicle must be able to withstand a force equivalent to 1.5 times the unloaded weight of 
the vehicle, with a maximum deformation of 5 inches (127 mm). It is now being argued 
that the FMVSS current guideline is not the most effective way to ensure occupant safety 
from roof intrusion of many vehicles. Thus, the NHTSA has now proposed to increase 
the force limit from 1.5 times to 2.5 times to reduce fatalities and injuries occurring 
during rollover crashes. This research project undertook a systematic study using suitable 
structural mechanics and rollover physics to determine requirement of roof strengths/load 
factors for various light weight vehicles.
iii
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CHAPTER 1
INTRODUCTION 
1.1 GENERAL
Rollover Crushes are one of the most serious safety problems for all light weight vehicles 
such as pick up trucks, Sports Utility Vehicles (SUVs), sedans, and vans. In the USA 
while rollovers comprise just 10% of all light weight passenger vehicle crashes, they 
account for almost one-third of all occupant fatalities in light weight vehicles, and more 
than 60% of occupant deaths in the SUV segment of the light weight vehicle population. 
Nearly 10,000 people are killed annually in rollover crushes in the USA. Next to frontal 
collisions, rollovers have the second highest fatality rate among vehicle collisions, even 
though a large number of occupants are involved in frontal collision than of rollover. 
Almost fifty percent of fatalities occurring in Sport Utility Vehicles, pick up trucks, and 
minivans are due to rollovers. This makes rollover a serious threat for all vehicles, 
especially for larger utility vehicles.
1.2 CAUSES OF ROLLOVER
Most rollovers occur when a driver loses control of a vehicle, and it begins to slide 
sideways. The vehicle then becomes susceptible for rollover and the rollover triggers if 
the sliding vehicle hits a tripping object. This tripping object could be a curb, guardrail, 
or uneven ground on the side of the roadway. Rollovers also can occur when a driver 
attempts to turn a vehicle too aggressively at a high velocity. In such conditions, the 
frictional force between the tires and road surface can cause the vehicle to tip up and then 
roll over. This type of rollover event is generally referred to as “untripped” rollover and is 
more com m on in S U V s and pickup trucks than in passenger cars due to their higher 
center of gravity. Though less frequent, rollovers can also be caused by other factors, 
such as when one side of a vehicle is flipped up suddenly by a guide rail or other ramp 
like object or when a vehicle falls sideways or front-first down an embankment.
1
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1.3 CURRENT ROOF STRENGTH REQUIREMENT
Federal Motor Vehicle Safety Standard, FMVSS 216, that requires minimum roof 
strength of light weight vehicles, is generally considered to be enabler for reducing the 
risks of death and serious injury from rollover crushes. This standard currently applies to 
passenger cars and multipurpose passenger vehicles, trucks, and buses with a GVWR 
(Gross Vehicle Weight Ratio) of 2,722 kilograms (6,000 pounds) or less. The standard 
requires that when a large steel test plate is forced down quasi-statically onto the roof of a 
vehicle, simulating contact with the ground in rollover crashes, the vehicle roof structure 
must be able to withstand a force equivalent to 1.5 times the unloaded weight of the 
vehicle, without the test plate moving more than 127 mm (5 inches). Similar guideline is 
also provided by Canadian Federal Motor Vehicle Safety Standard (CMVSS). The 
deformation limit in CMVSS for the roof structure is 125 mm.
In addition to examining the risk of injuries associated with rollover events, and the 
prevalence of roof intrusions resulting from rollover, the NHTSA also examined actual 
occupant injuries and fatalities resulting from roof intrusions that occurred after the 
vehicle rolled more than one-quarter turn or end-over-end for the period of 1998 to 2004. 
The agency examined only front outboard occupants who were belted, not fully ejected 
from their vehicles, whose most severe injury was associated with roof contact, and 
whose seating position was located below a roof component that experienced vertical 
intrusion as a result of rollover crashes. Their refined analysis shows that annually, there 
are an estimated 807 seriously and 596 fatally injured belted occupants involved in 
rollovers resulting in roof intrusion that suffered MAIS (Maximum Abbreviated Injury 
Scale) injury from roof contact. Thus, the NHTSA found that the number of serious and 
fatal injuries resulting from rollovers is very high. However, the number of occupants 
who could potentially benefit from the current roof crush resistance requirement of 
FMVSS No. 216 guideline is considerably limited.
2
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1.4 PROPOSED NH TSA’S ROOF STRENGTH REQUIREMENT
Based on available information from past and recent studies, the assessment of crash and 
injury statistics, and comments from different agencies and car manufacturing companies, 
the NHTSA has proposed to increase the current roof strength requirement to such that 
vehicle roof structure is able to withstand a quasi-static force equivalent to 2.5 times the 
unloaded weight of the vehicle with a more direct limit on headroom reduction that 
would prohibit any roof component from contacting a seated 50th percentile male dummy 
under the application of the load. However, neither the current requirement nor the 
proposed requirement of roof strength is based on any systematic study using a 
mechanics based approach. Since structurally weak roof is the primary cause of serious 
head, face, and neck injuries, a systematic study using structural mechanics was 
conducted under the scope of this project to determine required roof strength and roof 
crush to ensure better safety for occupants.
1.5 OBJECTIVES
The objectives of this study are as follows.
• determination of the role of roof strength in rollover crash of vehicles
• determination of required minimum roof strength, and
• development of a design philosophy of roof structure satisfying the NHTSA’s 
proposed load factor 2.5.
1.6 METHODOLOGY
The research is entirely based on analytical study using rollover mechanics. The vehicle 
is modeled as a rectangular planar system with one lumped mass. The mass is placed at 
the center of gravity (CG) of the vehicle. The geometry of the car is modeled as a plane 
rectangular section using its approximate dimensions. Fifty eight vehicle models 
marketed from 1978 to until 2004 were analyzed using fundamental mechanics based 
approaches to determine the minimum requirement of roof strength during the rollover.
3
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1.7 ORGANIZATION
Chapter 1 introduces the thesis by stating the background of the subject, highlights the 
objectives, scope of work, and clarifies the organization of the text. Chapter 2 presents 
the literature review including comments and suggestions made by various agencies for a 
better understanding of the problem. Chapter 3 presents the three rollover mechanics 
based approaches developed in this study. Chapter 4 discusses the results and discussion 
on roof strength/load factors calculation of different vehicles by using the above 
mentioned approaches. Chapter 5 summarizes and concludes the current work with 
recommendations for future research.
4
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CHAPTER 2
LIERATURE REVIEW  
2.1 GENERAL
Rollover crushes have received more attention in recent years for several reasons. 
Though automotive manufacturers have improved the safety of their vehicles in the 
frontal, side and rear crash modes, rollovers remain a significant threat to vehicle 
occupants. During the past 30 years, there has been significant research effort to 
determine the association between roof crush in rollovers and serious head and neck 
injuries. Several studies were also undertaken to determine the realistic value of roof 
strength required to ensure safety of occupants involved in rollover crushes. These 
studies were primarily based on various numerical, laboratory, and/or field tests. This 
chapter presents a literature review on roof strength, crash severity in rollover crush of 
vehicles, and comments and/or suggestions from various agencies on proposed load 
factor.
2.2 ROOF CRUSH AND OCCUPANT INJURIES
In the USA while rollovers comprise just 10% of all light weight passenger vehicle 
crashes, they account for almost one-third of all occupant fatalities in light weight 
vehicles, and more than 60% of occupant deaths in the SUV segment of the light weight 
vehicle population (NHTSA, 2007). The National Accident Sampling System (NASS) in 
the USA is a good source of rollover incident data for the period of 1988 to 2004. This 
data was documented in the Crashworthiness Data System (CDS). It is operated by the 
National Center for Statistics and Analysis (NCSA) of the NHTSA. The data from NASS 
CDS indicated that 59% of all the crashes were due to frontal collision, while 
approximately 10% were involved in rollovers (Parker et al., 2007). Figure 2.1 provides 
percentage distribution of all crashes and Figure 2.2 presents distribution of various 
rollover crashes.
5
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59%
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F igure 2.1: Distribution of crushes of all vehicles in US A for the year of 19 8 8 
to 2004 ( Parker et al., 2007)
Rollover Crushes 
( 10%)
One quarter turn 
(2%)
Two or more 
quarter turns 
(8%)
unbelted occupants belted occupants 
(5%) (3%)
Figure 2.2: Distributions of various rollover crushes (Parker et al., 2007)
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A separate study was undertaken on Sports Utility Vehicle (SUV) rollover collisions and 
this data was also documented in CDS for the years 1998 to 2004. The data was further 
screened to eliminate any open vehicles, such as the jeep wrangler and Suzuki Samurai; 
however, all model years of closed SUVs were included. This data was further screened 
to include only front seat outboard occupants. The occupants that were 16 years of age or 
older were only considered. The screening resulted in 1087 vehicle crashes with 1451 
occupants being considered. All information is unweighted, which allows the reader to 
assess the number of data in each category. Table 2.1 provides the breakdown of the SUV 
collisions in the USA by direction of roll, and Table 2.2 presents rollover severity based 
on number of turns occurred in rollover collisions. For example, it can be noticed that 
69.4% (24.7+8.8+25.5+10.4) of the rollover collisions, excluding unknown and end-over 
end collisions, resulted in one full roll or less.
Table 2.1:Vehicle roll direction (Keifer et al., 2007)
Rollover collisions
Leading side Vehicle count Percentage
Driver’s side 573 52.7
Passenger’s side 440 40.4
Unknown 68 6.3
End over end 6 0.6
Total 1,087 100
7
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Table 2.2: Collision roll severity (Keifer et al., 2007)
Rollover severity
No. of quarter turns Vehicle Count Percentage
1 102 10.4
2 251 25.5
3 87 8.8
4 243 24.7
5/6 161 16.4
7/8 82 8.3
9 to 12 49 5.0
Over 12 9 0.9
Unknown 97 Not available
End over end 6 Not available
Total 1,087 100
The NHTSA (National Highway Traffic Safety Administration) examined the data from 
1997 to 2002 on vehicle rollovers resulting in roof damage from real world rollover 
cases. It was found that out of total 220,452 vehicles that rolled more than one-quarter 
turn, 175,253 (79.49%) experienced vertical intrusion of some roof component. The 
NHTSA measured the roof intrusion for three groups of vehicles. These vehicles groups 
were: (a) passenger cars, (b) light trucks with GYWR is (Gross Vehicle Weight Rating) 
less than 6000 pounds, and (c) light trucks with GVWR more than 6000 pounds but less 
than 10,000 pounds. Table 2.3 shows roof deformation amounts for these three types of 
vehicles according to body type and GVWR.
8
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Table 2.3: Vertical roof intrusion for various vehicles (NHTSA, 2007)
Maximum Vertical 
R oof Intrusion 
(mm)
(a)
Passenger Cars
(b)
Light Trucks of 
GVWR less than 
6000 pounds
(c)
Light Trucks with 
GVWR higher than 
6000 but less than 
10,000 pounds
Vehicle Count (Percentage)
No intrusion 23071 (23) 17805 (19) 14322 (17)
30 to 70 22219 (22) 19264 (20) 1499 (7)
80 to 140 22285 (22) 12354 (13) 5122 (21)
150 to 290 252609 (25) 31184 (33) 10487 (42)
300 to 450 4810 (5) 12225 (13) 2107 (8)
460 or more 2334 (2) 2695 (3) 1253 (5)
Total 100075 (100) 95586 (100) 24791 (100)
Average Amount 
o f Intrusion
82.4 mm 111.3 mm 150.5 mm
Total Number o f  
Vehicles
220452
It can be concluded from Table 2.3 that the average amount of roof intrusion experienced 
by passenger cars (82.4 mm) and light trucks with GVWR less than 6000 pounds (111.3 
mm) are within the limit of NHTSA’s current FMVSS 216 (Federal Motor Vehicle 
Safety Standard) roof crush resistance standard (5 inch or 127 mm). However, the 
average roof deformation of light trucks, with GVWR greater than 6000 pounds but less 
than 10,000 pounds (150.5 mm), exceeds the 5 inch or 127 mm limit.
9
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Several studies on injuries in rollover crashes were undertaken as rollovers are very 
complex and the subject of significant interest. Paranteau et al. (2001) concluded based 
on their study that “for unbelted drivers, the rate for seriously injured is 10 times higher 
when completely ejected than non-ejected”. Esterlitcz (1989) found that “single vehicle 
rollover crashes have the highest increase risk of death due to ejection.” Friedman, et al. 
(1998) concluded that there is a correlation between increased roof crush and increased 
injury severity. They state “restraints improve the effective residual headroom by about 
seven centimetres. That is, a restrained occupant compared with an unrestrained 
occupant, can withstand as much as seven centimetres of additional roof crush without 
sustaining serious injuries”. However, Godrick (2002) studied SUV injury data and found 
that “when removing ejected unbelted occupants, roof associated contacts show similar 
trends for both belted and unbelted occupants”.
2.3 EXPERIMENTAL METHOD
The US Federal Motor Vehicle Safety Standards (FMVSS) specifies minimum 
requirements for all USA vehicle manufacturers in order to protect the vehicle occupants 
from injury or death in rollover crashes. Two of these federal regulations deal with 
rollover tests. The first one, FMVSS 208 Dolly test involves the placement of a vehicle 
on a table canted at 23 degrees with the right side leading. Figure 2.3 shows the test set 
up. The entire table is accelerated to 30 mph (46 kmph) and then stopped, throwing the 
vehicle away from the table. This action causes the leading tires to strike the pavement, 
which begins one or several rollovers. The FMVSS 208 states that a Hybrid III Dummy 
be placed in the driver seat and that it must not be ejected during the roll, and that the 
doors must remain closed. However, no minimum injury criteria or vehicle damage is 
prescribed. The FMVSS 208 dolly test is the most widely used test for rollover in 
industry in the USA. Nevertheless, this certainly does not mean the test is perfect. Infact, 
it is generally considered be useful but, lacks repeatability. Two vehicles with identical 
roof structures can have very different roof crush results (Cooper et al., 2001).
10
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Figure 2.3: FMVSS 208 Dolly test set up (SAE J 2114, 1999)
The second federal regulation is FMVSS 216 test, which was implemented in 1973, and 
was the first regulation in the world to address roof crush of a vehicle. To ensure 
compliance with FMVSS 216, the current test procedure involves securing a vehicle to a 
flat horizontal surface. A rectangular steel plate is placed on the roof of the vehicle and 
tilted in order to simulate contact with the ground in a right side leading rollover (Figure 
2.4). The plate’s edges are aligned with certain lines on the roof to adjust for differing 
roof shapes. The plate is then used to load the roof above the front seats with 1.5 times 
the unloaded weight of the vehicle, up to a maximum 5,000 pounds (22,240 N) for 
passenger cars. Compliance is achieved if the roof crush does not exceed 5 inches (127 
mm). This test is also not a good indicator of occupant safety in rollovers as the relation
between injury risk and roof strength could not be established (Piziali et al., 1998).
FORCE
1,829mm
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LEFT SIDE VIEW
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Figure 2.4: Static roof crush resistance test set up
(NHTSA, FMVSS 216 Roof Crush Resistance Test procedure, 2006)
Several studies have been undertaken to develop other dynamic rollover tests; 
however each test has on one segment of the rollover event. Cooper et al. (2001) 
developed a repeatable dynamic rollover test procedure with controlled roof impact, and 
thus the method is referred to as the Controlled Rollover Impact System (CRIS). This test 
method releases a rotating vehicle onto the ground from the back of a moving semi­
trailer. By controlling the roll, pitch and yaw angles, translation, and vertical velocities, 
and roll velocity of the vehicle, the first roof-to-ground interaction is found to be 
repeatable from test to test. However, the subsequent vehicle dynamics may not be 
repeatable as the vehicle rolls to rest.
12
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The CRIS procedure involves a moving semi-trailer with a drop fixture that has 
adjustable height support pins designed to spin and drop the vehicle at a given roll rate 
and orientation as shown in Figures 2.5 and 2.6. The towed semi-trailer is U-shaped to 
allow dropping of the vehicle directly onto the ground. These test methodologies assure a 
repeatable first roof-to-ground impact at a given combination of translational/vertical and 
roll velocities. The fixture is equipped with a motor drive system for rotating the vehicle 
about its centre of gravity (CG) and is also versatile enough to allow testing of different 
vehicles with identical roof-to-ground impacts. The fixture is movable to allow testing on 
flat surfaces, such as asphalt, dirt, sod, etc., and on any other facility locations. The 
cameras can be attached to the fixture holding the vehicle to take close up video footage 
of the roof to ground contact.
Figure 2.5: Test veh icle  and fixture configured for translation and drop 
(Chou et al., 2005)
13
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Figure 2.6: Test vehicle and fixture configured for translation, roll rate 
and drop (Chou et al., 2005)
To help alleviate the reproducibility problem, various laboratory procedures have been 
developed to evaluate vehicle roof strength. An inverted vehicle drop test procedure was 
adopted by the Society of Automotive Engineers (SAE), USA, in the year of 1992. The 
test vehicle is suspended in an inverted position at a specified pitch and roll angle and 
released to free fall upon a rigid surface. Figure 2.7 shows the position and orientation of 
the vehicle for drop test. This inverted drop test procedure is significantly more difficult 
to conduct because it requires a cumbersome procedure for suspending and inverting the 
vehicle.
Roll Angle a
Pitch Angle
P
Height 
0.50 m
Figure 2.7: Inverted drop test set up (Mao et al., 2005)
14
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As the rollover crush is a complex situation with many causes and many outcomes, the 
dynamic tests that seem to be repeatable, are only valid in one sector of rollover event. 
For this reason, a regulation utilizing a dynamic test is still under investigation.
2.4 NUMERICAL ANALYSIS
Numerical simulation has become an important tool to continue designing new safety 
systems for effective protection of occupants in a crush. Finite-element (FE) modeling 
started in 1978 when a Volkswagen Polo frontal crush was successfully simulated with 
the FE code PAM-CRASH (ESI/PAM System International, S.A., 2007). This is a 
software product which is used to perform realistic and predictive virtual crashworthiness 
simulation developed by ESI/PAM System International S.A. This simulation took a full 
night to run on a CRAY-I computer (Huang et al., 1995). Since then, crush simulation 
using numerical tools such as the FE method has become an important tool for 
automotive manufacturers for designing and redesigned products to the market in 
competitive time frames.
Several vehicle rollover incidents were modeled and validated using FE code that uses 
rigid body type modeling and simulation tools such as ADAMS (MSC Software 
Corporation, 2007), MADYMO (TNO Automotive Safety Solutions, 2007) (Bardini et 
al., 1999; Renfroe et al., Day 2000; Parenteau 2001). These authors conducted separately 
an occupant injury study using data from real world tests sampled from the National 
Automotive Sampling System /Crashworthiness Data System (NASS CDS) to validate 
the simulation. A good correlation was found between the occupant kinematics in the 
simulation and in real-world crashes. The conclusion of this study was the validation of 
the model up to contact with the ground, and in order to achieve a more accurate 
simulation of vehicle and occupant kinematics, especially after the vehicle contacts the 
ground, a fin ite elem ent m odel is needed (Parenteau et al., 2001).
In one study by Siemens Automotive, a finite element code, PAM CRASH, was used to 
simulate the deformation phase of the rollover (Frimberger, and Wolf, 2000). The vehicle 
was first modeled in ADAMS and some driver input was given. Then the dummy and
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restraints were added using MADYMO. The output of the ADAMS simulation was used 
as the input for PAM CRASH. This simulation was used to test several sensor algorithms 
for detecting rollover. Parameters were varied in several runs to test the validity of the 
sensor under different conditions. This simulation took four separate steps and four 
software programs in order to achieve the desired output.
Mao et al. (2006) conducted a computer simulation of inverted drop test that can provide 
an effective solution for roof integrity under different environmental conditions. A full 
scale FE model of a Ford Fiesta, that was originally modeled in parts by Ford Motor 
Company using Radioss (Mecalog S.A.R.L., 2007) Code, was translated into LS-DYNA 
3D (Livermore Software Technology Corporation, 2007) and refined through extensive 
employment of better elements and spot weld formulation. RADIOSS and LS-DYNA are 
finite element codes used for automobile crush simulation based on explicit finite element 
solution technique for analyzing the nonlinear dynamic response of three-dimensional 
structures. These software packages use explicit time step integration scheme and have 
good parallel performances. The inverted drop test simulation was made by Mao et al. 
using a combination of different pitch and roll angles as shown in Figure 2.7 in the search 
for the worst-case rollover condition. These parametric studies show that the critical 
vehicle orientation at roof impact that causes the highest amount of roof crush to be at 10 
degree pitch angle and 12.5 degree roll angle. This inverted drop test simulation is 
different from the static roof crush test as the test is loaded along a fixed orientation and 
just reflects the roof strength, rather than the pillar’s strengths. However, FMVSS No. 
216 recommends a quasistatic test on roof crush test simulation with a 10 degree pitch 
angle and a 45 degree roll angle resulting in roof impact with highest amount of roof 
crushes. Thus, this result of the study by Mao et al (2006) does not agree with the 
recommendation by current FMVSS No. 216 standard of roof crush resistance.
Friedman et al. (2006) have demonstrated in a numerical study that for transit buses, an 
inexpensive composite roof structure can provide significant improvements in rollover 
roof strength over a steel roof structure for the same weight of the vehicle. A finite 
element model of a 13,636 kg production transit bus was created using LS-DYNA 970 to 
simulate various lateral rollover impacts. It was observed that the weak roof deformed
16
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extensively under fairly mild rollover impacts, allowing the bus to roll on its roof and 
continue rolling. The production bus model was modified by incorporating E-glass fibre 
reinforced polymer (FRP) roof pillars and longitudinal members. Composite tubes of this 
material are inexpensive and exhibit a high specific stiffness and strength, and excellent 
corrosion resistance. The modified composite bus structure demonstrated significantly 
higher roof strength for roughly the same weight as the baseline design. In the rollover 
impacts, the increased strength of the composite roof structure arrested the rollover so 
that bus did not roll onto its roof continuously and subsequently reduced the roof 
deformation and likelihood of occupant ejection in a rollover.
Since the early 1990s, researchers realized the importance of creating FE models to 
investigate occupant safety. Models of safety belts, seats, airbags, and dummies then 
started to emerge. These models are still being used to simulate occupant mechanics and 
interaction with safety devices during a crush. As the technology progresses, the FE 
model has become an increasingly useful tool to simulate very complex events with good 
accuracy. However, along with these opportunities there are many challenges involved in 
successfully completing a finite element simulation of a rollover aside from the 
computing time it requires. A good tire and suspension model need to be incorporated 
into the model for it to be realistic. Also, the mesh must include the appropriate ground 
interaction definition.
A rollover simulation using a detailed FE model may become expensive in terms of CPU 
time and resources. This is because the time step for simulation cannot be increased 
proportionally to decrease the computation time because accuracy is then diminished. 
One method of decreasing CPU time suggested by Chou et al. (1998) is to switch 
between a rigid body model during the airborne phase of the roll and a finite element 
model once the vehicle strikes the ground. This outcome was basically achieved in a 
study published by Siemens Automotive in which a model was created in ADAMS, and 
then occupant and seatbelt models were added using MADYMO, and finally the 
deformation phase of the rollover was simulated using PAM-CRASH (Frimberger, and 
Wolf, 2000).
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This simulation showed the great potential that the FE models have in the field of crash 
testing and occupant safety. There are many areas of improvement left for the models and 
finite element codes; and much progress has been made in recent years.
2.5 SUGESSTION ON PROPOSED AMENDMENTS OF ROOF 
STRENGTH
NHTSA received several comments and suggestions from different research agencies and 
private companies on their proposal for roof strength increment from 1.5 times unloaded 
vehicle weight to 2.5 times unloaded vehicle weight. The following subsections discuss a 
few of these comments and suggestions.
2.5.1 Syson-Hille and Associates
According to their opinion, the requirement of 2.5 times unloaded vehicle weight will 
have extremely limited benefit. They feel that the proposed roof strength is a total waste 
of effort to go through the entire rulemaking process with a stated goal of only saving 
annually 13 to 44 of the more than 10,000 fatally injured occupants in rollovers. In their 
opinion, it seems meaningless to provide relief to manufacturers that meet a standard 
which will only protect 2 to 4 tenths of one percent of the fatally injured crush victims. 
They recommended keeping the existing standard, while applying the standard to 
vehicles of gross weight 10,000 pounds and requiring a minimum energy absorption in 
Newton-meters of 1.5 times the weight of the vehicle in kg (NHTSA, 2007).
2.5.2 Forensic Engineering, Inc
Researchers from Forensic Engineering Inc. pointed out that the NHTSA’s proposal of 
load factor 2.5 has no perfect correlation to injury prevention in the FMVSS 216 analysis. 
The NHTSA’s own statistics showed that the proposed load requirement of 2.5 times 
unloaded vehicle weight would only prevent maximum 44 fatalities out of 10,000. The 
NHTSA data also showed that the new 2.5 load factor would prevent only 498 out of 
7,144 non-fatal injuries. Forensic Engineering Inc. strongly recommended the use of
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energy requirements in the new proposed standard. Theoretically, a strong roof could 
pass the new test by rising rapidly to 2.49 times vehicle weight and then reaching the 2.5 
times vehicle weight requirement at precisely 5 inches or 127 mm as shown in Figure 
2.10 (Case 1); this would result in relatively large energy absorption beneficial to safety. 
However, a weak roof could collapse most of the distance at low force and then jump to 
the 2.5 load factor requirement near the 5-inch or 127 mm limit as shown in Figure 2.8 
(case 2). This would result in minimal energy absorption, and could place the roof near 
the occupants head with almost no restraint. Thus, they believe that without an energy 
requirement in the quasi-static test, it is very difficult to correlate between two vehicles 
(case 1 and case 2) that pass the test at the same ultimate force (NHTSA, 2007).
2.5.3 Engineering Institute
This institute believes that the proposed new standard of load factor 2.5 will prevent, by 
the NHTSA’s own estimates, only about 0.5% of the rollover fatalities. Their principal 
objection to the proposed standard is that it raises the strength requirements for the roofs 
of vehicles by very small amount. While at first glance the change of load factor from 1.5 
to a 2.5 seems to be a considerable improvement, it is not. This is because the amount of 
intrusion allowed is dramatically increased. Thus, while the force standard has increased 
from 1.5 to 2.5 (a 67% increase), the amount of deformation allowed to reach this 
increased force is a 53% increase. This means that, a 2.5 load factor with 194 mm roof 
crush would give a resistance of a mere 1.66 times vehicle weight.
Additionally, the institute feels that the procedure used to select a quasi-static force of 2.5 
times unloaded vehicle weight based upon drop tests is not fundamentally correct. In drop 
test, the reaction force of the ground is governed not by the stiffness and strength of the 
ground, which is fixed, but rather by that of the vehicle’s roof as it deforms upon impact. 
The more it deform s, the less peak force is needed to absorb the kinetic energy o f  impact. 
Thus, by using research based upon an existing load factor of 1.5 times unloaded vehicle 
weight with 5 inch (127 mm) maximum deformation, NHTSA systematically 
underestimates the amount of impact force that a strong stiff roof would sustain (NHTSA, 
2007).
19
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
i k
2.5W
Case 2
/  5 inch
Casel (more energy absorbent system)
Figure 2.8: Force- displacement relationship 
2.5.4 Consumers Union
Consumers Union (CU) suggested that the strength-to-weight ratio in this proposed rule 
is insufficient, because it does not adequately improve the level of roof crush protection 
available in most vehicles sold today. Consumers Union strongly urges that the roof 
strength requirement should be increased to 3.5 times the vehicle weight, because 
consumers need a roof strength requirement that provides them with an increased level of 
protection over current design. In addition, an SUV Volvo XC90 consistently has 
achieved an SWR (strength to weight ratio) of approximately 3.5, and this gives a clear 
indication that achieving such a standard is not impossible. CU strongly agrees that in 
addition to advanced restraint systems, some additional features like ESC (Electronic 
Stability Control) need to be a prime part of any rollover injury prevention standard. 
Nevertheless, CU believes that the NFITSA should propose a standard requiring a 3.5 
load factor regardless of the inclusion of necessary prevention like ESC, because even 
with ESC, vehicles will be tripped into rollovers which are beyond the control of ESC 
(NHTSA, 2007).
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2.5.5 Advocates for Highway and Auto Safety
The researchers feel that the proposed rule makes only marginal changes to the existing 
standard which can result in more intrusion than allowed under the current version of 
FMVSS No. 216. NHTSA’s own calculations showed that the proposed rule will have 
almost no significant effect on improving the roof strength of most vehicle models. In 
addition, the proposed rule is a “do nothing” mandate for most makes and models of 
passenger vehicles given NHTSA’s estimate that about 70 percent of current production 
models already meet the testing requirements proposed in the Notice of Proposed 
Rulemaking (NPRM). In addition, NHTSA must ensure that both sides of every 
passenger vehicle roof can withstand real-world rollover forces without the presence of 
side window and windshield glazing. Since the glass usually breaks after the first quarter 
turn, resulting in virtually no support to the roof on subsequent rollovers, and that the 
roof crush severity substantially increases after the integrity of the windshield is 
breached. The goal must be to ensure that vehicle roofs possess both very high strength 
and very high rigidity in on-roof rollover crushes so that pillar collapse from 
compressive, bending, and shear forces is prevented (NHTSA, 2007).
2.5.6 Safety Analysis and Forensic Engineering
The Safety Analysis and Forensic Engineering (SAFE) believes that the load factor 
requirement should be set at an achievable 3.5 or higher, or should be at least 3.0 times 
the weight of the vehicle. All of NHTSA’s analyses for their proposal (estimates for 
injuries/fatalities, cost, weight, crush reduction etc.) were done assuming that 
manufacturers would add a 20% factor of safety (1.2x 2.5 = 3). Implementing a factor of 
safety is advisable to account for vehicle variations, and increases in weight throughout 
platform runs. However, NHTSA has no basis to assume that manufactures will actually 
incorporate a 20%  factor o f  safety. In SA F E ’s experience, the typical factor o f  safety  
provided by manufacturers is 10-15% and in some cases is it less than 5%. Many 
manufacturers simply design down to the bare minimum standard (NHTSA, 2007).
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2.5.7 Public Citizen
According to Public Citizen’s opinion, the required roof strength under the proposed rule 
represents a minimal increase that will prevent a very small number of deaths and 
injuries. Dynamic rollover tests show that a roof significantly stronger than what the 
proposal requires, when measured under the current roof crush test, can fail to provide 
adequate occupant protection in a real-world rollover. They have estimated that SWR 
(strength to weight ratio) of 3.5 as measured by the current test may be required to 
provide sufficient rollover crashworthiness. NHTSA considers the effect of the 
predetermined level of roof strength on occupant injury in the agency’s cost-benefit 
analysis (CBA). By the agency’s most generous analysis, a 2.5 load factor requirement 
will save 44 lives out of 10,000 and, by comparison, a 3.0 load factor will save 135 lives. 
The Public Citizen therefore criticized the proposed load factor. They commented that 
NHTSA’s CBA was costly; nevertheless, cost alone should not force NHTSA’s decision 
in finalizing a roof crush resistance standard to 2.5 (NHTSA, 2007).
Based on comments and recommendations of different agencies, it is clear that NHTSA 
needs further information on its performance measures, practicability, and relevance to 
real world injuries. As previously stated, NHTSA believes that the current quasistatic test 
procedure is repeatable and capable of simulating real-world rollover deformation 
patterns. Further, NHTSA is unaware of any dynamic test procedures that provided a 
sufficiently repeatable test environment.
2.6 SUMMARY
With the increasing popularity of taller vehicles, the automotive industry is challenged 
with continuing to increase occupant safety despite the increasing risk of rollover 
collisions. SUVs, pickup trucks, vans, and other taller vehicles are more likely to rollover 
because of a high center of gravity. If this class of vehicles is to survive, consumers 
deserve to be safe even in the event of a rollover. A regulation is difficult to create 
because of the nature of rollovers, and the existing US federal standards are not 
sufficient. As research on dynamic rollover test for the industry continues, computer 
simulation is becoming more and more important and sophisticated.
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Several studies on roof crush and roof strength of light duty vehicle structures were 
conducted in the past years on the basis of field tests, finite element analysis, and real 
world rollover crash data. However, no study using rollover mechanics and rollover 
physics has been undertaken to determine the required roof strengths as the vehicle rolls 
over the roof.
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CHAPTER 3
ROLLOVER MECHANICS 
3.1 GENERAL
This chapter presents the development of mechanics based approaches for determining 
load factor/roof strength of various vehicles. Three different rollover mechanics based 
approaches have been developed and these are: (a) Static rollover approach, (b) Linear 
kinetic energy approach, and (c) Rotational kinetic energy approach.
3.2 STATIC ROLLOVER APPROACH
The resultant force on the roof of a vehicle in static rollover can be found using a simple 
mechanics. Figure 3.1 shows the scenario of a vehicle after first quarter turn. The 
geometry of the vehicle is modeled as a rectangular planar system as shown in Figure 3.2. 
The total mass of the vehicle is placed at the CG of the vehicle. The dimensions of a 
vehicle are used for its planer modeling. The rectangular block represents the vehicle 
with track width T, center of gravity height h, (in the normal upright position) and center 
of gravity to roof height, H. The forces acting on the vehicle are the weight of the vehicle 
(W) which is a rollover resisting force and the destabilizing lateral force (F) required for 
the next quarter (second) turn to occur. Thus, the resultant reaction force acting on the 
vehicle at its CG is P.
00
Ground level NCurb/uneven surface
Figure 3.1: Frontal view of a vehicle
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Curb/uneven surface
Ground level
W
N
Figure 3.2: Idealized planar view of the vehicle
The following relationship can be obtained by taking moment of static forces about 
turning point (C)
TW x H  = Fx- 
2
Equation 3.1 can be written as
77 w  2 HF = W x ----
(3.1)
However,
P = J p 2 +W :
(3.2)
(3.3)
The following expression can be written by substituting the value of F from Equation 
3.2 into Equation 3.3.
P = WJI + 2 H (3.4)
W = J l  +
(3.5)
The ratio, — is called static roof strength or load factor of the vehicle and it is usually 
W
represented by a  . Thus, Equation 3.5 can be written as Equation 3.6.
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This load factor ( a ) is the minimum roof strength required to resist the reaction force 
developed at the roof corner (C) of the vehicle when the vehicle makes the next (second) 
quarter turn about the point C.
3.3 LINEAR KINETIC ENERGY APPROACH
Figure 3.3 shows front side view of a sedan class vehicle. Figure 3.4 represents an 
idealized planar model (sectional X-X view) for the vehicle with track width T, center of
gravity height h, and center of gravity to roof height, H. The dimensions R\ and Ri are 
the distances from CG (Point O) to lower right corner (D) and CG (Point O) to upper 
right roof corner (C), respectively. The angle ^ , is the angle between R\ with the base of 
the vehicle (AD) and (5 is the angle between Ri with line CD. Thus, the following 
relationships are written.
(3.7)
(3.8)
/  \
- i  h (/> = tan — (3.9)
v /
(3.10)
26
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
^  Ground level ^  ^
Figure 3.3: Front view of a vehicle
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X  >i1 J! 1 J  ■ Ground level 
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Figure 3.4: Cross sectional (X-X) view of the vehicle
N
Figure 3.5 describes step by step scenario o f  alm ost tw o quarter turn rollover o f  a vehicle.
The vehicle starts with a lateral velocity of V2 (Position 1) and then the vehicle hits the
curb with the car’s lower right comer (D). This impact results in the partial loss of energy
and the remaining energy changes to rotational kinetic energy with an angular velocity, 
•
(j>x as shown in Position 2 (Figure 3.5).
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The following relationship is obtained from the conservation of momentum.
0 jx /o = mxV2 xh (3.11)
where, m is the mass of the vehicle and I0 is the polar moment of inertia of the vehicle
about lower right corner (D). The Equation 3.11 can be written as Equation 3.12.
j l = mxV>xh (3.12)
10
Equation 3.12 can be re-written by replacing the value of I0 with I
mxV' * h (3.13)f/ J  —    ^
Icg + mRi
where, /  is the polar moment of inertia of the vehicle about center of gravity (CG).
The vehicle becomes air-borne with a rotational velocity, <f>, , after it makes impact with
the curb. This rotational velocity can be resolved into two lateral velocity components: (i)
•  •
the horizontal velocity component, y x and (ii) the vertical velocity component, z, as
shown in Position 2 (Figure 3.5). Thus, the following relationships can be written.
y\ -  R\ sin^ (3-14)
•    •
Zj = ^  cos^ (3-15)
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Figure 3.5: Almost two quarter turn model
The vertical velocity z1 becomes zero when the vehicle reaches its maximum height as 
shown in Position 3 (Figure 3.5). Time taken to move from Position 1 to Position 3 is 
assumed to be A/,. Consequently, the following relationship for equation of motion can 
be applied.
v = u + ft  (3.16)
Here, v = 0 (the final velocity), u = z, (the initial velocity), and f  = - g  (the acceleration). 
Thus, Equation (3.16) can be written as Equation 3.17.
0 = z i - g x A t i (3.17)
where, g  is the acceleration due to gravity. Equation 3.17 can be written as Equation 3.18.
A tx= ^  (3.18)
g
The vertical displacement of mass (CG) of the vehicle at Position 3 is assumed to be 5. 
Thus, the following relationship can be applied.
s = u xt  + ^ x  / x t 2 (3.19)
Here, u -  zl (the initial velocity), t -  Atx (the duration of travel from Position 2 to Position 
3), f  = - g  (the acceleration due to gravity). Thus, the following relationship is written.
1 2s = zix Atx ~ — x gx  Atx (3.20)
The following relationship is obtained by combining the Equations 3.18 and Equation 
3.20.
s = (3.21)
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However, because of the rotational velocity, <j)x, the vehicle at Position 3 also experiences 
rotational displacement by angle, A<j)x (Figure 3.5). Thus, the vertical displacement of 
Point C at Position 4 is z and it is given by Equation 3.22.
z ~{h + H) + s -  R2x A(f>x (3.22)
Substituting the value of s from Equation 3.21 into Equation 3.22, the following
relationship is obtained.
1 • __
z ~(h + H)+ — xzjxAtj -  R2 xA(j)x (3.23)
The angular displacement of the vehicle for moving from Position 2 to Position 3 is A<j)x
as shown Figure 3.5. Thus, the following relationship is obtained.
•  :
A^ )x-(j)lxAtl (3.24)
The angular displacement of the vehicle for moving from Position 3 to Position 4 is 
assumed to be A^2 and it is expressed by the following equation.
A^2 ”  A x (3.25)
The vehicle heads towards the ground after it has reached maximum height at Position 3. 
The time required for impact of vehicle at its roof (Point C) with the ground is assumed 
to be At2. Thus, At2 is the time required to move from Position 3 to Position 4. 
Consequently, the following relationship can be applied.
1 — 
z = uxt  + — x f x t  + A(j>2xR2 (3.26)
2
Here,u = 0, /  = g, A</>2 =fax At2, t = At2. Thus, Equation 3.26 can be written as
• —  l ,
z = </>xx R2 xAt2 + — x gx At 2 (3.27)
The following relationship is written by solving the quadratic Equation 3.27 and taking 
the larger value of A t2.
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— (6, x R-.) + v(d,  x ) 2 +  2 x e x  z
At2 = —^ ---- 2)- — 2- -------- -----  (3.28)
g
where, the value of z is given by Equation 3.23.
In general, the roof comer (C) impacts with the ground after completion of the first air­
borne condition of the vehicle. The rotational velocity remains unchanged in air-bome
condition. The rotational velocity just before the roof impact of the vehicle with its right
•  •
comer (C) is (j>2 and it is same as the starting rotational velocity, <j>x. The horizontal
velocity component y 2 also remains unchanged all along until (Position 4 of Figure 3.5). 
Thus, the following relationships can be written.
k = k  (3-29)
T2 = T i (3-30)
However, the vertical velocity component changes with the time and the vertical velocity
just before the roof impact of the (Point Q  with the ground is z2 (Position 4 of Figure 
3.5), which is given by the Equation 3.31, since initial velocity (u) is zero.
z2= gxAt 2 (3.31)
The total angle change of the vehicle because of movement of the vehicle from Position 1 
to Position 4 is^ > as shown in Figure 3.6. Thus, the following relationships are written.
<p= + A  (j>2 (3 .32)
Substituting the values o f  A^, and A(f)2 from Equation 3 .24  and 3.25 into Equation 3.32,
the following relationship is obtained.
•  •
cp = 0jX Atj + ^ x  At 2 (3.33)
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The angle between line OC and the ground (line MN) at impact is assumed to be 0 . Then, 
the following relationship can be written from the geometry at Position 4 in Figure 3.6.
g = e - R  + p  (3.34)
The diagonal lateral velocity of the vehicle along the line of impact (OC) at Position 4
•  •
(Figure 3.7) is assumed to be V and it is obtained by taking components of y 2 and z2 
along this line. Then, the following relationship is obtained.
•  •
V = y 2 c o s d - z 2 sin# (3.35)
M\
Position 1 Position 4
CGCG
c
t Ground level NM
Figure 3.6: Total angular changes from Position 1 to Position 4
The kinetic energy ( Q ) of the vehicle along the line of impact {OC) is given by Equation 
3.36.
Q = - x m x F 2 (3.36)
2
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M Ground level n
Figure 3.7: Diagonal velocity at ground impact
The Figure 3.8 shows the elastic load-deformation relationship (assuming that roof 
deformation is purely elastic) of the vehicle roof structure at the time of roof impact of 
the vehicle (at point C of Position 4 in Figure 3.6) with the ground.
Force
Deformationr,
Figure 3.8: Elastic force-deformation relationship of roof structure
Assuming that the roof impact with the ground causes the roof structure to deform 
elastically. Thus, the total elastic energy, U (considering the roof structure along the
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impact line (OC) as an elastic spring) stored by the roof of the vehicle is written by 
Equation 3.37.
C/ = I x P x r 0 (3.37)
where, r0 is the elastic deformation (elastic roof crush) of the roof of the vehicle along 
the line of impact (OC), and P is the total reaction force on the roof structure at point C in 
the direction of line (OC) due to impact of roof of vehicle with the ground (MN).
This load factor a as discussed in Section 3.1 is given by Equation 3.38.
a = — (3.38)
W
where, W is the unloaded weight of the vehicle and it is equal to mg.
Thus, the following relationship can be obtained by substituting the value of P from 
Equation 3.38, into Equation 3.37.
U = | x a x  mg x r0 (3.39)
A simple assumption on energy balance can be such that all the impact energy is 
absorbed elastically by the roof structure due to its deformation. Thus, the following 
relationships are written.
U = Q (3.40)
1 l
— x a  x mg x r0 = — x m x V (3.41)
Thus, the required load factor a  (roof strength) can be expressed from the Equation 3.41 
as in equation 3.42.
V2a  = ——  (3.42)
g * r 0
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The load factor, a  in Equation 3.42 can be considered as the required minimum roof 
strength to ensure the safety of passengers involved in rollover crash, if rQ is known or if
the vehicle is designed for a particular value of rB (roof crush). The above relationship 
for the load factor ( a ) is derived assuming the roof deformation is purely elastic.
3.4 ROTATIONAL KINETIC ENRGY APPROACH
Figure 3.9 represents the planar representation of a vehicle with track width T, center of 
gravity height h, and center of gravity to roof height, H. The vehicle starts with a lateral 
velocity of V2 and then the vehicle hits the curb with its lower right corner (D).This 
impact results in partial loss of some energy and the remaining energy changes to
rotational kinetic energy with an angular velocity, (f>x as shown in Position 2 ( Figure 3.9).
The following relationship (as was in Equation 3.11) is obtained by conservation of 
momentum.
(j)\ x Iq = mxV2xh (3.43)
where, m is the mass of the vehicle and 70 is the polar moment of inertia of the vehicle
about lower right corner (D). The Equation 3.43 (same as Equation 3.12) can be 
expressed as Equation 3.44.
( J 4 4 )
h
Equation 3.45 (same as Equation 3.13) can be written by substituting the value of I0 
with Icg.
+ - mxVi xh (3.45)
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Figure 3.9: Complete rollover analysis of a vehicle
N
where, I is the polar moment of inertia of the vehicle about center of gravity (CG) and
i?, is the distance from CG to lower right corner (D) as shown in Position 1 of Figure 
3.9.
The vehicle becomes air-borne with a rotational velocity ^  as shown in Position 2 of
Figure 3.9 and this rotational velocity remains unchanged throughout the air-borne 
condition (that is, until the vehicle makes next impact with the ground). After some time 
the vehicle roof corner C hits the ground at an angle, . The vehicle then makes an
effort to go for next quarter turn since the vehicle roof impacts the ground with a 
rotational velocity, ^  . However, the vehicle will be able to make next quarter turn only
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if the available potential energy ( APE) is enough for making the next quarter turn. The 
potential energy ( APE) required for making the next quarter turn needs to be equal to or 
higher than the potential energy required to move the mass of the vehicle (CG) up from 
(Location O) to (Location d )  in Position 4 of Figure 3.9.
Thus, the minimum change in potential energy required for next rollover to occur about 
the point of impact (C) is APE and it is given by the following relationship.
AP£ = lF { ( ^ - r 0) - i? 0} (3.46)
where, ro is the assumed elastic roof deformation (elastic roof crush) of the vehicle roof 
structure at its impact with the ground (Position 4 of Figure 3.9), Ri is the (CG) height 
when CG is directly above the impact point (that is, when line OC is perpendicular to 
ground MN), R0 is the CG height when vehicle roof (Point C) makes contact with the
ground, and IF is the unloaded weight of the vehicle. The dimension of R2 is given by 
the following relationship.
f  y  A ^ 
v 2 y
+ H 2 (3.47)
The required potential energy, APE, becomes zero when R0~ Ri and at that condition 
the car is in a condition for free rollover without roof impact.
The worst scenario reaches when A<j) tends to be zero and in that condition R0 becomes
Tminimum, and equal to —. Position 5 of Figure 3.9 illustrates the scenario.
The required potential energy for second quarter turn from that position is APEX and this 
is g iven  by the Equation 3.48.
APE, =rj(fl2-r0) - | j  (3.48)
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The rolling over the roof requires potential energy change when (r 2 - r 0)> for 
raising the center of gravity height.
Roof impact with the external obstacle causes the body structure to deform elastically. 
Storing and releasing of the roof deformation energy leads to the change in potential 
energy.
The Figure 3.10 shows the elastic load-deformation relationship of the vehicle due to its 
roof impact with the ground.
Load
P
Releasable 
dynamic energy
Non-releasable
energy
W
Deformation
Figure 3.10: Elastic load-deformation relationship
Figure 3.11: Spring deformation scenario
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The dynamic deformation energy (Considering the impact line OC as an elastic spring) 
stored by the roof of the vehicle is U and this is written by Equation 3.49.
U ~ ^ x P x r 0 (3.49)
where, P is the spring force and r0 is the spring deformation as shown in Figure 3.11. 
Body weight or self weight of the vehicle also exerts a reaction force in the spring.
The releasable dynamic energy stored by the body is U]. Thus,
Ul = ^ x ( P - W ) x r 0 (3.50)
The rotational kinetic energy of the vehicle just before the impact of roof corner (C) with 
ground is W. Thus,
W = ^x  Icgx fa (3.51)
For the rollover to continue, the roof structure must deliver the elastic energy, AEminjmum 
to the center of mass O. Thus, the following relationship is written.
= w ( T 2- r 0)-T/2} - l x I ci!x l ! (3.52)
This energy is provided by means of elastic energy release by the vehicle body structure 
and this elastic energy is to be greater than or equal to the minimum energy required to 
make the next rollover. Thus, the following relationship is written.
^ x ( P - W ) x r a >w(]F2 - y 2 - r t ) - ^ XIcsx^  (3.53)
By simplification and rearrangement of Equation 3.53, the following can be obtained.
. 2
P ^ 2(R2 ~ TA )  x !cg x l
W rQ m x g x r0
— > — lZ I - i  r i   (3.54)
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p
This — is described as load factor/roof strength or of the vehicle. Thus,
2(r2 - t/ )  I xfa
cc>— c 2 L - \  cg 1 (3.55)
r0 m x g x r0
This load factors can also be expressed as
2
a 2 M - , - V i A _  ( 356)
r0 m x g x r0
Where, /? is the shape factor of the vehicle and can be written as
P = J 7  (3-57)
A
This load factor ( or) is the minimum roof strength required for the vehicle to make next 
rollover after impacting the roof with the ground.
3.5 MOMENT OF INERTIA AND INITIAL LATERAL VELOCITY
The moment of inertia about CG and the minimum lateral velocity V2, required for the 
occurrence of second quarter turn calculated by Yvonne I. Lund and James E.Bernard in 
their study “analysis of simple rollover metric” for various vehicles up to 1999 Model 
year. The empirical equation proposed by authors, for the approximation of moment of 
inertia about CG, is used here for newer model year vehicles.
Icg -  0.404x m x R2 (3.58)
where, R is the distance from CG to lower right comer of the vehicle.
Preliminary analysis by Yvonne I. Lund and James E.Bemard has shown that there is a
V
strong correlation between the ratios of and roof height/track width. This V2 is the 
starting lateral velocity of the vehicle and CSV is the Critical Sliding Velocity of the
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vehicle. From the results of Appendix B of “analysis of simple rollover metric” it can be 
assumed
 ^Roofheight ^V2 = 0.59 x CSV + 1.12x
Trackwidth
(3.59)
The CSV (Critical Sliding Velocity) for this analysis can be approximately obtained from 
the study of Yvonne I. Lund and James E.Bernard
CSV= 8 .4 3 x g x % x 1 +
\ 2 h jv v '  y
1 +
v2 h j
-1 (3.60)
3.6 SUMMARY
Three fundamental mechanics based models have been developed in this chapter. These 
models are prepared for the determination of roof strengths/load factors of various classes 
of light weight vehicles. The results are presented in Chapter 4.
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CHAPTER 4
RESULTS AND DISCUSSION
4.1 GENERAL
This Chapter discusses the roof strength/load factors results were determined using three
approaches as discussed in Chapter 3. These approaches are: (a) static rollover approach, 
(b) linear kinetic energy approach, and (c) rotational kinetic energy approach. The load 
factors were determined for fifty eight light weight vehicles marketed from 1978 until 
2004 model year. The vehicles were categorized into three different categories and these 
are: (i) minivans/vans, (ii) trucks, (iii) sedans, and (iv) Sport Utility Vehicles (SUVs).
A total of fifty eight vehicles were analyzed to determine required minimum roof 
strength/load factor ( a )  using this approach (Equation 3.6). The values for a  obtained 
for these vehicles are shown in Table 1 of Appendix B. An example of the load factor 
( a )  was obtained for Chevrolet Astrovan 1988 (minivan) using this approach is shown 
next. True dimensions (idealized) of the vehicle are shown in Figure 4.1.
Track width of the car (7) = 1.65 m
Center of gravity height (CG) height from the ground (h) = 0.74 m 
Height from CG to roof of the vehicle (H) = 1.13 m
As described in Chapter 3, the resultant reaction force acting on the vehicle at its CG in 
the direction OC is P. Thus, the value of P is obtained from Equation 3.4.
4.2 LOAD FACTOR FROM STATIC ROLLOVER APPROACH
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O CG
Curb/uneven surface
Ground level
W
Figure 4.1: Idealized planar view of the vehicle
Thus, the required minimum load factor ( a ) or roof strength of the vehicle is determined 
using Equation 3.6 is 1.1Wand thus,
a  = 1.7
Figure 4.2 shows a statistical distribution of required minimum load factor/ roof strength 
( a ) for various classes of light weight vehicles. The bottom most point (example Point 
1) represents the minimum load factor obtained for that class of vehicle. The box (2-3-7- 
6) represents the range of load factors those lay between the first quartile (Ql) and the 
third quartile numbers (Q3). Thus, the bottom most line (line 2-3) of the box represents 
the first quartile number (Ql) and the topmost line (line 6-7) represents the third quartile 
number (Q3). The first quartile number is defined as the middle number among all the 
values those belong to the lower half. The third quartile number is the middle number 
among all the load factors those lay in upper half. The horizontal line inside the box (line 
4-5) represents the median value of all the load factors. The vertical line below and above 
the box represent the remaining values of load factor excluding the outlier. The star sign 
(*) (Point 9) indicates the outlier. The outlier is defined as the value of load factor which 
does not fit with the rest of the load factors (that is, the value that lies way beyond the 
minimum and maximum range of load factors).
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Figure 4.2: Box plot of load factors of vehicles obtained from static rollover approach 
(assuming 5 inch elastic roof deformation)
Table 4.1 summarizes the range (maximum and minimum values) of required minimum 
roof strength ( a )  for various classes of light weight vehicles (minivan/van, trucks, 
sedans, and SUVs). Table 4.1 indicates that the requirement of minimum roof 
strength/load factor ( a ) based on this approach may vary from 1.6 to 1.8 for SUVs, 
trucks, 1.6 to 1.7 for minivan/vans; and 1.5 to 1.6 for sedan vehicles. The outlier load 
factors, that are far away from the normal range, such as load factors of Toyota LE van 
(1.8) (minivans/vans), Toyota Corolla (1.89) and Subaru Impreza (1.64) (Sedans), Jeep 
W rangler (1 .96 ) (S U V ) are excluded in this Table 4.1 . H ow ever, the details o f  load  
factors of all classes of vehicles are presented in Table 1 of Appendix B.
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Table 4.1: Load factor ranges obtained from static rollover approach 
(excluding the outlier)
Types of vehicles Minimum load factor Maximum load factor
Minivans/vans 1.6 1.7
Tmcks 1.64 1.85
SUVs 1.6 1.8
Sedans 1.5 1.6
4.3 LOAD FACTOR FROM LINEAR KINETIC ENERGY APPROACH
The second approach is a linear kinetic energy approach. In this approach the minimum 
required load factor/ roof strength ( a )  was obtained assuming that all the impact 
(kinetic) energy is elastically absorbed by the roof structure through its elastic 
deformation and thus, the load factor was determined using the Equation 3.42. The 
values for a  obtained for these vehicles are shown in Table 2 of Appendix B. An 
example of the load factor ( a )  was obtained for Chevrolet Astro van 1988 (minivan) 
using this approach is shown next. True dimensions (idealized) of the vehicle are shown 
in Figure 4.3.
Track width of the car (7) -  1.65 m
Center of gravity height (CG) height from the ground (h) = 0.74 m 
Height from CG to roof of the vehicle (H) = 1.13 m 
Moment of inertia about CG ( I cg) = 887 kg-m2
Initial lateral velocity of the car (T?) =8.9 m/sec 
Mass of the vehicle (m) = 1798 kg
The distance from CG to lower right comer (D) is Rx, which is determined using 
Equation 3.7.
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Figure 4.3: Idealized cross sectional (X-X) view of the vehicle
Ri =
" 1.65"2+ 0.74 m
V V ^ /  
1.1 m
The distance from CG to upper right comer (C), R2 is obtained using Equation 3.8.
Ri =
/ . 65^2+ 1.13 m
V V ^ /
1.4 m
The angle between Ri with the base of the vehicle (AD) is^ and it is determined from 
Equation 3.9.
(j) = tan -i
c \
0.74
1.65/
v / 2 y
radian
0.73 radian
The angle between Ri with line the (CD) of the vehicle is/? and it is obtained using 
Equation 3.10.
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(1 .65A
[3 -  tan 1 2 radian
1.13
v
— 0.63 radian
Figure 4.4 shows the scenario of almost two quarter turn of the vehicle as explained in 
section 3.2 of Chapter 3.
The rotational velocity just before the roof of the vehicle impacts with the ground is
obtained using Equation 3.13.
• 1798x8.9x0.74 ,iv, = --------------------— radian / sec
887 + 1798x1.12
= 3.83 radian /sec
•  •
The horizontal velocity component y, and the vertical velocity component z, (Position 2
of Figure 4.4) are obtained from Equations 3.14 and 3.15.
y, = I.lx3.75xsin0.73 
= 2.81 m/sec
Zj = l.lx3.75xcos0.73 
= 3.15 m/sec
The time required for reaching the maximum height is At, (Position 3 of Figure 4.4) and 
this is determined from Equation 3.18.
sec
= 0.32 sec
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f  (Impact)
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Curb Ground level
Figure 3.5: Almost two quarter turn model
Height of the roof comer (C) from the ground at Position 3 of Figure 4.4 is then obtained 
from Equation 3.23.
z = (0.74 + 1 .13 )+ ^x3 .15x0.32-1.40x1.23 m 
= 0.65 m
The angular displacement of the vehicle at that stage for movement from Position 2 to 
Position 3 of Figure 4.4 is Afa, which is determined using Equation 3.24.
A<f>x = 3.75 x 0.32 radian 
= 1.23 radian
The angular change displacement of the vehicle for moving from Position 3 to Position 4 
is assumed to be A^2 and it is expressed using Equation 3.25.
A^2 =3.75x0.11 radian 
= 0.41 radian
The time required for the roof comer, C to reach the ground from maximum height, z 
(Position 4 of Figure 4.4) is Af2. The time, At2 is determined using Equation 3.28.
-  3.75 x 1.4 + J(  3.75 x 1.4)2 + 2 x 9.81 x 0.65 AL = ----------------- ^ -----------    sec
2 9.81
= 0.11 sec
The vertical velocity just before the roof impact (Position 4 of Figure 4.4) is obtained 
using Equation 3.31.
z2 = -9.81 x 0.11 m/sec
= -1.08 m/sec
However, the horizontal velocity remains unchanged all along. Thus,
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y 2 =yl = 2.81 m/sec.
The total angular change of the vehicle because of movement of from Position 1 to 
Position 4 as shown in Figure 4.5 is<p. The angles is determined from Equation 3.33.
<p = 1.23 + 0.41 radian 
= 1.65 radian
M,
Position 1 Position 4
CGCG
C NM Ground level
Figure 4.5: Total angular changes from Position 1 to Position 4
The angle# between (line OC) and ground (line MN) of Figure 4.5 is obtained using 
Equation 3.34.
3.149 = 1.65-------- 1-0.63 radian
2
= 0.71 radian
The diagonal velocity along the line of impact (OC) is determined from Equation 3.35.
V = 2.81xcos0.71-1.44xsin0.71 
= 2.84 m/sec
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As per current FMVSS 216 standard the allowable roof deformation (roof crush) (r0) is 
0.127 m (5 inches).
The load factor, a  for this roof crush (127 mm or 5 inch) is then determined from 
Equation 3.42.
2.842 
9.81x0.127 
= 6.48
Figure 4.6 shows a statistical distribution of required minimum load factor/ roof strength 
( a ) for various classes of light weight vehicles. This figure shows one outlier vehicle in 
sedan class and another vehicle in truck class.
SUVsSedansT rucksMinivans/vans
Vehicle Class
Figure 4.6: Box plot of load factors obtained from linear kinetic energy approach 
(assuming 5 inch elastic roof deformation)
Table 4.2 summarizes the maximum and minimum values of required minimum load 
factor ( a )  obtained from this approach. Table 4.2 indicates that the requirement of
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minimum roof strength/load factor ( a )  based on this approach may vary from 2.9 to 4.2 
for sedans, 2.8 to 7.2 for SUVs, 4 to 6.2 for trucks, and 4.4 to 6.75 for minivan/vans. The 
value of load factor which is far away from the range such as load factor of 1987 Toyota 
Corolla (7.27) (sedan) and 1982 GMC C20 Suburban (8.11) (truck) are excluded from 
this Table. However, the details of load factors of all classes of vehicles are presented in 
Table 2 of Appendix B.
Table 4.2: Load factor ranges obtained from linear kinetic energy approach 
(excluding the outlier)
Types of vehicles Minimum elastic load factor
Maximum elastic 
load factor
Minivans/vans 4.4 6.75
Trucks 4.0 6.2
SUVs 2.8 7.2
Sedans 2.9 4.2
4.4 LOAD FACTOR FROM ROTATIONAL KINETIC ENERGY 
APPROACH
The third and last approach is a rotational kinetic energy approach. In this approach, the 
minimum required load factor/ roof strength ( a )  was obtained assuming that elastic 
energy provided by the vehicle roof structure and rotational kinetic energy of the vehicle 
before the roof impact with the ground be equal or higher than the minimum potential 
energy required to make the next quarter turn. The load factor was then determined using 
the Equation 3.54 explained in Chapter 3. The values for a  obtained for these vehicles
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are shown in Table 3 of Appendix B. An example of the load factor ( a )  was obtained
using this approach is shown for Chevrolet Astrovan 1988 (minivan). True dimensions 
(idealized) of the vehicle and the complete rollover analysis of the vehicle are shown in 
Figure 4.7.
Track width of the car (7) = 1.65 m 
Center of gravity (CG) height from the ground (h) = 0.74 m 
Height from CG to roof of the vehicle (H) = 1.13 m 
Moment of inertia about Center of gravity ( Icg) = 887 Kg-m
Starting lateral velocity of the car (V2) =8.9 m/sec 
Mass of the vehicle (m) = 1798 kg
The rotational velocity of the vehicle just before the roof comer (C) impacts with the
•  •
ground is ^ , . Thus, the value of (f)x is obtained using Equation 3.45.
As per current FMVSS 216 standard the allowable roof deformation (roof crush) (r0) = 
0.127 m (5 inches).
1798x8.9x0.74 
887 + 1798x1.12
radian /sec
= 3.83 radian /sec
The center of gravity (CG) height at the position of CG directly above the impact point 
isR2 . This height Ri is obtained using Equation 3.47.
= 1.4 m
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Figure 4.7: Complete rollover analysis of a vehicle
The load factor a  for this roof crush (127 mm or 5 inch) is then determined from 
Equation 3.55.
^  2 x ( l .4 0 -1-6^ )   ^ 887x3.832
0.127 1798x9.81x0.127
>2.30
Figure 4.8 show s statistical distributions o f  required m inim um  load factor/ roo f strength 
( a  ) for various classes of light weight vehicles. From this figure it can be concluded that 
there are three outliers in sedan class, one outlier for minivan/van, and two outliers for 
SUVs.
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Figure 4.8: Box plot of load factors of vehicles obtained from rotational kinetic energy 
Approach (assuming 5 inch elastic roof deformation)
Table 4.3 summarizes the maximum and minimum values of required minimum load 
factor ( a )  obtained for fifty eight light weight vehicles from this approach. Table 4.3 
indicates that the requirement of minimum roof strength/load factor ( a ) based on this 
approach may vary from 0.2 to 0.9 for sedans, 0.9 to 3.2 for SUVs, 1.8 to 2.0 for 
minivan/vans, and 1.8 to 3 for trucks. The values of load factors which are far away from 
the range such as load factor of 1987 Toyota Corolla (3.35), 1991 Volvo 740 (1.37), 2002 
Subaru Impreza (1.37) (sedans), 1991 Dodge Caravan (1.56) (minivan/van), 1987 Jeep 
Wranglar (4.63), and 1988 Suzuki samurai (4.97) (SUVs) are excluded from this Table. 
However, the details of load factors of all classes of vehicles are presented in Table 3 of 
Appendix B.
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Table 4.3: Load factor ranges obtained from rotational kinetic energy approach 
(excluding the outlier)
Types of vehicles Minimum load factor Maximum load factor
Trucks 1.8 3.0
Minivans/vans 1.8 2.0
SUVs 0.9 3.2
Sedans 0.2 0.9
4.5 FUTURE DESIGN PHILOSOPHY
The value for roof strength/load factor of fifty eight various vehicles obtained from linear 
kinetic energy approach is quite high compared to NHTSA’s proposal for load factor of
2.5 times unloaded vehicle weight. The roof deformation allowed was 5 inch or 127 mm 
in this analysis as per NHTSA’s current FMYSS 216 standard of roof crush resistance. 
According to NHTSA’s new proposal there is more direct limit on headroom reduction
ththat would prohibit any roof component from contacting a seated 50 percentile male 
dummy under the application of the load (that is with a maximum deformation of 
available headroom). The principle followed in linear kinetic energy approach as 
explained in Chapter 3 was that during roof impact of vehicle with the ground in rollover 
crash, the whole kinetic energy along the impact line would be absorbed by the roof of 
the vehicle considering only elastic deformation. But it is not possible in situation of 
practical rollover collisions. Some part of energy is to be lost by means of ground 
deformation or through friction etc following plastic deformation. In the analysis these 
losses were neglected. If more than 5 inches of roof deformation is allowed, the load 
factor can be reduced to 2.5 or less. The best choice is to design  the veh icle  
elastoplasticaly allowing higher roof deformation.
Figure 4.9 illustrates the scenario of elastoplastic design.
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Figure 4.9: Elastic force-deformation relationships
The maximum load factor/roof strength obtained (SUV type of vehicles) for 1978 Ford 
Bronco vehicle was 7.22 considering only elastic deformation. If complete plastic 
deformation was allowed, then load factor/roof strength would be reduced to half of that 
value i.e. 3.61. However, if the roof deformation allowance is increased from 5 inches to 
12 inches, load factor or roof strength would be considerably reduced to 3.02 for elastic 
analysis. NHTSA’s proposal for increment of load factor up to 2.5 times unloaded 
vehicle weight can be obtained by analyzing the vehicle elastoplastically and increasing 
roof deformation.
4.6 SUMMARY
In this chapter, the required minimum roof strengths or load factors ( a )  of various 
classes of light weight vehicles are obtained on the basis of three mechanics based 
approaches as explained in Chapter 3. The values of a  presented in Tables 4.1, 4.2, 4.3 
are obtained for a specific value of elastic roof crush of 127 mm or 5 inches as specified 
by the current FMVSS standard of roof crush resistance. The graphical representations of 
load factors of various classes of vehicles on the basis of three mechanics based 
approaches are obtained by statistical distribution using Minitab software. A future roof 
design is also proposed to satisfy the NHTSA’s new proposal of increment of load factor 
from 1.5 to 2.5 times unloaded vehicle weight.
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CHAPTER 5
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
5.1 GENERAL
The rollover crush of vehicles has attracted much attention in the recent years. There has 
been ever increasing demand for lighter vehicles to general public and as a result 
occupant injuries associated with roof damages in rollover crashes has increased 
significantly. Thus, the rollover crushes is now a major concern for the automotive 
industry and automotive safety regulatory agencies around the world. An investigation of 
the role of roof in rollover crushes of vehicles was performed under the scope of this 
project. Special attention was taken to determine the required roof strength values for 
various light weight vehicles.
5.2 SUMMARY
Three mechanics based approaches for determination of load factor or roof strength are 
presented in the thesis. The first one is a static rollover approach. The resultant minimum 
static force required to make the next quarter turn is calculated in this method. The ratio 
of this resultant force to the unloaded weight of the vehicle is then considered as required 
load factor or roof strength. The second approach is linear kinetic energy approach. This 
approach estimates load factor/roof strength assuming that the whole kinetic energy 
absorbed elastically by the roof structure of the vehicle along its impact line. The third 
one is a rotational kinetic energy approach. In this approach, the minimum potential 
energy required to make next quarter turn is calculated. This minimum energy 
requirement is then used to determine the required roof strength/load factor.
These three approaches were then used to determine the required roof strength of fifty 
eight light weight vehicles marketed from 1978 to until 2004 model year under various 
categories such as minivans/vans, sedans, SUVs, and trucks. Although the roof strength 
requirement is the largest for linear kinetic energy approach, future design philosophy 
presented in this document discusses the way for satisfying the NHTSA’s proposal of 2.5
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load factor requirement by increasing the roof crush and allowing plastic deformation. In 
this study energy loss during air-borne condition and at the time of impact with the 
ground such as friction, deformation of tires and other components is neglected and thus, 
roof strength/load factor value found in this study is conservative. Nevertheless, the study 
provides a good estimate for roof strength values of various light weight vehicles.
5.3 CONCLUSIONS
The following conclusions are drawn from the present study.
1) The values of load factor/roof strength for vehicles calculated from static rollover 
condition for various classes of light weight vehicles such as vans, sedans, SUVs, 
trucks varies from 1.5 to 1.85, from linear kinetic energy approach it varies from 
2.9 to 7.2, and from rotational kinetic energy approach it varies from 0.2 to 3.0 
neglecting the outlier (extreme value of load factor beyond the maximum and 
minimum values).
2) The linear kinetic energy and the rotational kinetic energy approach provide more 
realistic estimates for the required minimum roof strength/load factor, since these 
two approaches consider dynamic effect of vehicle rollover.
3) Roof structure design philosophy discussed in Section 4.5 provides a good 
guideline for automobile manufacturers for design of their vehicles.
5.4 RECOMMENDATION FOR FUTURE WORK
This study assumed the model of vehicle as a rectangular planar body with one lumped 
mass at the centre of gravity. However, a better representation of the vehicle will be three 
dimensional box shape structure with multi degree of freedoms and with multiple lumped 
masses. Subsequently, a detailed and accurate three dimensional numerical model of a 
vehicle needs to be developed and analyzed using finite element method for the 
determination of exact load factors. The finite element model, however, needs to be 
validated with realistic test data and for real world rollover data.
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APPENDIX A
Table 1: Vehicle Inertial Parameter (Yvonne et. al, 1995)
Vehicle
Name
Model
Year
Track
Width(7)
CG
height(A)
Roof 
Height 
0h+H)
Mass IcG
Critical
Sliding
Velocity
(CSV)
Lateral
V e lo c ity ^ )
m m m kg kg-m2 m/sec m/sec
Ford
Bronco
1978 1.642 0.775 1.86 2418.6 1104 4.47 8.38
GMC C- 
20 
Suburban
1982 1.708 0.838 1.99 2427 1403.7 4.488 8.505
Audi
Quattro
1984 1.397 0.506 1.35 1240 372.7 5.343 8.936
Buick
Century
Estate
1986 1.48 0.554 1.38 1518.6 551 5.37 8.81
Mazda
323 1986 1.309 0.512 1.37 921 256.9 4.812 8.481
Jeep
Wranglar 1987 1.467 0.597 1.83 1356 490 4.911 9.76
Toyota 
LE van 1987 1.407 0.694 1.75 2155.2 954 4.13 8.39
Toyota
Corolla
FX
1987 1.41 0.727 1.86 996 412.7 3.909 8.082
Suzuki
Samurai
1988 1.42 0.719 1.65 1229 507 3.983 7.535
Chevrolet
Astrovan 1988 1.648 0.736 1.87 1798 886.7 4.79 8.907
Nissan 
Pick Up 1989 1.391 0.585 1.56 1410 470.5 4.641 8.569
Dodge
Caravan 1991 1.549 0.637 1.66 1668 677.7 4.999 8.95
Volvo 70 1991 1.295 0.531 1.4 924.1 265 4.59 8.23
Honda
Accord
LX
1991 1.48 0.51 1.34 1731 564.8 5.768 9.253
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Tablel: Vehicle Inertial Parameter (Yvonne et. al, 1995)
Vehicle
Name
Model
Year
Track
Width(T)
CG
height(A)
Roof
Height
(h+H)
Mass IcG
Critical
Sliding
Velocity
(CSV)
Lateral
V e lo c ity ^ )
m m m kg kg-m2 m/sec m/sec
Chevrolet 
K1500 
Pick Up
1991 1.614 0.706 1.82 2148.4 856 4.56 8.34
Chevrolet 
S 10 Blazer 1992 1.419 0.664 1.67 1728.5 580 4.18 7.98
Toyota
Corolla 1999 1.456 0.512 1.384 1115 356.8 5.611 9.285
Chevrolet
S10 1999 1.386 0.607 1.593 1471 504.4 4.46 8.386
Nissan
Frontier 1999 1.515 0.664 1.679 1587 650.6 4.667 8.456
Cadillac
Deville
DHS 2000 1.587 0.536 1.44 1820 674.2 6.09 9.782
Ford
Ranger 2000 1.472 0.645 1.71 1632 631.5 4.6 8.701
Mercury
Minivillage
Van 2000 1.61 0.633 1.717 1816 769.4 5.311 9.478
Dodge
Caravan 2000 1.613 0.645 1.74 1595 687.2 5.234 9.412
Mazda
Protege 2000 1.471 0.517 1.41 1151 375.8 5.643 9.388
Honda
Accord 2000 1.544 0.532 1.445 1370 486.5 5.892 9.653
Dodge
Neon 2000 1.475 0.523 1.422 1192 393.7 5.603 9.356
Nissan
Xterra 2000 1.515 0.676 1.768 1873 393.7 5.603 9.356
Honda
Odessey 2000 1.679 0.635 1.74 1920 859.4 5.624 9.846
Subaru
Legacy 2000 1.461 0.533 1.415 1501 496 5.43 9.09
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Table 1: Vehicle Inertial Parameter (Yvonne et. al, 1995)
Vehicle
Name
Model
Year
Track
Width(J)
CG
height(A)
Roof
Height
(h+H)
Mass IcG
Critical
Sliding
Velocity
(CSV)
Lateral
Velocity(F2)
m m m kg kg-m2 m/sec m/sec
Pontiac
Aztek 2001 1.607 0.637 1.694 1714 728 5.27 9.326
Hyundai
Elantra 2001 1.481 0.536 1.425 1224 413.2 5.506 9.182
Chevrolet
Impala 2001 1.566 0.576 1.461 1537 586.7 5.575 9.116
Dodge
Dakota 2001 1.553 0.631 1.73 1824 737.7 5.061 9.31
Toyota
Sienna 2001 1.588 0.634 1.709 1778 741.6 5.201 9.338
Chrysler
Sebring 2001 1.519 0.502 1.397 1593 533.4 6.085 9.858
Chevrolet
Venture 2001 1.585 0.671 1.73 1741 758.4 4.925 8.926
Nissan
Pathfinder 2001 1.542 0.72 1.801 1940 872.2 4.451 8.45
Honda
Civic 2001 1.471 0.514 1.4 1136 369.5 5.674 9.397
Lincoln
LS 2001 1.541 0.51 1.425 1632 563 6.12 9.95
Toyota
Tacoma
2001 1.458 0.578 1.715 1522 532.2 5.016 9.568
Buick
Park
Avenue
2001 1.588 0.56 1.458 1762 672 5.844 9.458
Mazda
Miata 2001 1.427 0.45 1.229 1083 311.3 6.174 9.599
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Tablel: Vehicle Inertial Parameter (Yvonne et. al, 1995)
Vehicle
Name
Mode
1
Year
Track
Width(7)
CG
height(A)
R oof
Height
(h+H)
Mass IcG
Critical
Sliding
Velocity
(CSV)
Lateral
Velocity(F2
)
m m m kg kg-m2 m/sec m/sec
Buick
Century 2001
1.564 0.554 1.438 1529 567.3 5.775 9.355
Acura TL 2001 1.543 0.54 1.425 1580 566.1 5.803 9.426
Subaru
Forester 2001 1.471 0.62 1.651 1449 541.7 4.763 8.799
Jeep Liberty 2002 1.52 0.678 1.859 1746 731.7 4.602 9.019
Chevrolet
Malibu 2002 1.503
0.54 1.433 1385 479.2 5.585 9.26
Mini Cooper 2002 1.467 0.497 1.42 1050 331.5 5.81 9.746
Chevrolet
Trailblazer
2002 1.59 0.673 1.826 2087 914.8 4.933 9.26
Lexus Es 
300 2002 1.539 0.565 1.455 1560 574.4 5.537 9.131
Toyota
Tundra
Access
2002 1.678 0.723 1.811 2049
1015.
4 4.987 8.971
Subaru
Impreza 2002 1.461 0.533 1.486 1406 464.5
5.427 9.385
Saturn L I00 2002 1.514 0.533 1.455 1484 513.9 5.715 9.525
Toyota Rav 2002 1.501 0.63 1.679 1335 517.8 4.83 8.901
Suzuki
Vitara 2002 1.461 0.635 1.671 1400 530 4.617 8.639
Nissan
Altima 2002
1.552 0.538 1.471 1383 498.2 5.873 9.7
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Tablel: Vehicle Inertial Parameter (Yvonne et. al, 1995)
Vehicle
Name
Model
Year
Track
Width(7)
CG
height(/z)
Roof
Height
(h + H )
Mass Icg
Critical
Sliding
Velocity
(CSV)
Lateral
Velocity^)
m m m kg kg-m2 m/sec m/sec
Hyundai
Santa 2002 1.542 0.653 1.676 1621 668.5 4.856 8.777
Acura
MDX 2002 1.687 0.653 1.745 1975 910 5.516 9.646
Honda
Pilot 2003 1.687 0.65 1.821 2004 918.1 5.54 9.967
Footnote: For vehicles make 1999 and later, the Icg, CSV, and V2 were calculated using 
empirical Equations 3.58, 3.59 and 3.60. Remaining information were obtained from web 
link ( http:// www.automall.usa.net). For vehicles make until 1992, all these values were 
taken from the table presented by Yvonne et al., 1995.
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APPENDIX B
Table 1: Load factor of various vehicles from static rollover approach
Type of 
Vehicle Year Model Load Factor Remarks
Minivans/vans
1987 Toyota LE van 1.80 Load factor of 
1987 Toyota 
LE van is out of 
range of 
maximum and 
minimum 
values. See 
Figure 4.2 for 
outlier.
1988
Chevrolet
Astrovan
1.7
1991 Dodge Caravan 1.66
2000
Mercury 
Minivillage van
1.68
2000 Dodge Caravan 1.69
2000 Honda Odyssey 1.65
2001 Toyota Sienna 1.68
2001
Chevrolet
Venture
1.6
Trucks
1982
GMC C20 
suburban
1.68
1989 Nissan pick up 1.72
1991
Chevrolet K10 
pick up
1.70
1999 Chevrolet S10 1.74
1999 Nissan Frontier 1.67
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Table 1: Load factor of various vehicles from static rollover approach
Type of 
Vehicle Year Model Load Factor Remarks
2000
Ford Ranger 
XLT pick up
1.76
Trucks
2001
Dodge dakota 
sport
1.73
2001 Toyota Tacoma 1.85
2002
Toyota Tundra 
Access
1.64
1984 Audi Quattro 1.57
1986
Buick Century 
Estate
1.50
1987 Toyota corolla 1.89
1991 Honda Accord 1.50 Load factor of
1991 Volvo 740 1.67 1987 Toyota 
LE van is out of
1999 Toyota Corolla 1.56
range of
Sedans 1999 Mazda Protege 1.57 maximum and
2000 Honda Accord 1.55 minimum 
values. See
2000 Dodge Neon 1.58
Figure 4.2 for
2000
Cadillac 
Deville DHS
1.52
outlier.
2000 Ford Taurus 1.50
2000 Hyundai Sonata 1.52
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Table 1: Load factor of various vehicles from static rollover approach
Type of 
Vehicle Year Model Load Factor Remarks
2000
Pontiac Grand 
AM
1.53
2001
Hyundai
Elantra
1.56
2001
Chevrolet
Impala
1.51
2001
Chrysler
Sebring
1.55
2001 Honda Civic 1.57
Sedans 2001 Lincoln LS 1.55
2001
Buick Park 
Avenue
1.51 Load factor of 
2002 Subaru
2001 Acura 3.2 TL 1.52 Impreza is out
2002
Chevrolet
Malibu
1.55
of range of 
maximum and 
minimum
2002 Lexus ES 300 1.53 values. See 
Figure 4.2 for 
outlier.
2002 Subaru Impreza 1.64
2002 Saturn L I00 1.58
2002 Nissan Altima 1.56
SUVs
1978 Ford Bronco 1.66
1986 Mazda 323 1.65
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Table 1: Load factor of various vehicles from static rollover approach
Type of 
Vehicle Year Model Load Factor Remarks
SUVs
1987 Jeep Wrangler 1.96
Load factor of 
1987 Jeep 
Wranglar is out 
of range of 
maximum and 
minimum 
values. See 
Figure 4.2 for 
outlier.
1988 Suzuki Samurai 1.65
1992
Chevrolet S10 
Blazer
1.74
2000 Nissan Xterra 1.75
2001 Pontiac Aztek 1.65
2001
Nissan
Pathfinder
1.72
2001 Subaru Forester 1.72
2002 Toyota Rav 1.72
2002 Suzuki Vitara 1.74
2002 Jeep Liberty 1.85
2002 Hyundai Santa 1.66
2002 Acura MDX 1.64
2002
Chevrolet
Trailblazer
1.76
2003 Honda Pilot 1.71
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Table 2: Load factor of various vehicles from linear kinetic energy approach
Types of 
vehicle Year Model
Elastic load 
factor
Plastic load 
factor
Remarks
Minivans/V ans
1987
Toyota LE 
van
6.75 3.37
1988
Chevrolet
Astrovan
6.48 3.24
1991
Dodge
Caravan
5.08 2.54
2000
Mercury
Minivillage
Van
4.62 2.31
2000
Dodge
Caravan
4.82 2.41
2000
Honda
Odyssey
4.39 2.19
2001
Toyota
Sienna
4.73 2.36
2001
Chevrolet
Venture
5.52 2.76
Load factor 
of 1982 
GMC C20 is 
out of range 
of
maximum 
and 
minimum 
values. See 
Figure 4.6 
for outlier.
Trucks
1982
GMC C20 
Suburban
8.11 4.05
1989
Nissan Pick 
Up
4.70 2.35
1991
Chevrolet 
Pick up
5.96 2.98
1999
Chevrolet
S10
5.13 2.56
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Table 2: Load factor of various vehicles from linear kinetic energy approach
Types of 
vehicle Year
Model
Elastic load 
factor
Plastic load 
factor
Remarks
Trucks
1999
Nissan
Frontier
5.74 2.86
2000
Ford Ranger 
XLT Pick 
Up
5.43 2.71
2001
Dodge
Dakota
Sport
4.75 2.37
2001
Toyota
Tacoma
4.0 2.0
2002
Toyota
Tundra
6.18 3.09
Sedans
1984
Audi
Quattro
3.52 1.76
1986
Buick
Century
Estate
4.12 2.06
Load factor 
of 1987 
Toyota 
Corolla is 
out of range 
of maximum 
and 
minimum 
values. See 
Figure 4.6 
for outlier.
1987
Toyota
corolla
7.27 3.63
1991
Honda
Accord
3.34 1.67
1991 Volvo 740 4.20 2.10
1999
Toyota
Corolla
3.29 1.64
2000
Mazda
Protege
3.29 1.64
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Table 2: Load factor of various vehicles from linear kinetic energy approach
Types of 
vehicle
Year Model
Elastic load 
factor
Plastic load 
factor
Remarks
2000
Honda
Accord
3.33 1.66
2000 Dodge Neon 3.38 1.69
2000
Cadillac 
Deville DHS
3.32 1.66
2001 Ford Taurus 3.66 1.83
2000
Hyundai
Sonata
3.40 1.71
2000
Pontiac 
Grand AM
3.52 1.76
2001
Hyundai
Elantra
3.62 1.81
Sedans 2001
Chevrolet
Impala
4.12 2.06
2001
Chrysler
Sebring
2.92 1.46
2001 Honda Civic 3.26 1.63
2001 Lincoln LS 2.96 1.48
2001
Buick Park 
Avenue
3.74 1.87
2001
Acura 3.2 
TL
3.53 1.76
2002
Chevrolet
Malibu
3.62 1.81
2002
Lexus ES 
300
3.98 1.99
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Table 2: Load factor of various vehicles from linear kinetic energy approach
Types of 
vehicle
Year Model
Elastic load 
factor
Plastic load 
factor
Remarks
2002
Subaru
Impreza
3.48 1.74
Sedans 2002 Saturn L I00 3.40 1.70
2002
Nissan
Altima
3.37 1.68
1978 Ford Bronco 7.22 3.61
1986 Mazda 323 3.85 1.92
1987
Jeep
Wrangler
4.41 2.20
1988
Suzuki
Samurai
6.50 3.25
1992
Chevrolet 
S10 Blazer
6.60 3.30
SUVs
2000
Nissan
Xterra
2.82 1.41
2001
Pontiac
Aztek
4.76 2.38
2001
Nissan
Pathfinder
6.70 3.35
2001
Subaru
Forester
4.97 2.48
2002 Toyota Rav 5.03 2.51
2002
Suzuki
Vitara
4.73 2.36
2002 Jeep Liberty 5.72 2.86
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Table 2: Load factor of various vehicles from linear kinetic energy approach
Types of 
vehicle
Year Model
Elastic load 
factor
Plastic load 
factor
Remarks
SUVs
2002
Hyundai
Santa
5.39 2.69
2002 Acura MDX 4.73 2.36
2002
Chevrolet
Trailblazer
5.36 2.18
2003 Honda Pilot 4.52 2.26
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Table 3: Load factor of various vehicles from rotational kinetic energy approach
Types of 
vehicle
Year Model Load factor Remarks
Minivans/V ans
1987 Toyota LE van 1.92 Load factor of 
1991 Dodge 
Caravan is out 
of range of 
maximum and 
minimum 
values. See 
Figure 4.8 for 
outlier.
1988
Chevrolet
Astrovan
1.82
1991 Dodge Caravan 1.56
2000
Mercury
Minivillage
Van
1.94
2000 Dodge Caravan 2.03
2000 Honda Odyssey 1.83
2001 Toyota Sienna 1.96
2001
Chevrolet
Venture
1.88
Trucks
1982
GMC C20 
Suburban
2.79
1989 Nissan Pick Up 2.18
1991
Chevrolet K15 
Pick up
2.67
1999 Chevrolet S10 2.04
1999 Nissan Frontier 1.79
2000
Ford Ranger 
XLT Pick Up
2.39
2001
Dodge Dakota 
Sport
2.30
2001 Toyota Tacoma 2.98
2002
Toyota Tundra 
Access
1.78
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Table 3: Load factor of various vehicles from rotational kinetic energy approach
Types of 
vehicle
Year Model Load factor Remarks
1984 Audi Quattro 0.49
1986
Buick Century 
Estate
0.13
1987 Toyota corolla 3.35
Load factor of 
1987 Toyota 
Corolla is out 
of range of 
maximum and
1991 Honda Accord 0.52
1991 Volvo 740 1.37
1999 Toyota Corolla 0.73
1999 Mazda Protege 0.84
2000 Honda Accord 0.74
minimum
2000 Dodge Neon 0.88
values. See
2000
Cadillac 
Deville DHS
0.51 Figure 4.8 for 
outlier.
2000 Ford Taurus 0.37
Sedans
2000 Hyundai Sonata 0.54
Load factor of 
1991 Volvo 
740 is out of
2000
Pontiac Grand 
AM
0.56
2001
Hyundai
Elantra
0.79 range of 
maximum and
2001
Chevrolet
Impala
0.48 minimum 
values. See
2001
Chrysler
Sebring
0.66 Figure 4.8 for 
outlier.
2001 Honda Civic 0.78
2001 Lincoln LS 0.74
2001
Buick Park 
Avenue
0.48
2001 Acura 3.2 TL 0.53
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Table 3: Load factor of various vehicles from rotational kinetic energy approach
Types of 
vehicle
Year Model Load factor Remarks
2002
Chevrolet
Malibu
0.74
Load factor of 
2002 Subaru 
Impreza is out
Sedans
2002 Lexus ES 300 0.60 of range of
2002 Subaru Impreza 1.37 maximum and
2002 Saturn L I00 0.92 minimum 
values. See
2002 Nissan Altima 0.87 Figure 4.8 for
1978 Ford Bronco 2.34 outlier.
1986 Mazda 323 1.05 Load factor of
1987 Jeep Wrangler 4.63 1987 Jeep
1988 Suzuki Samurai 4.97 wranglar is out
1992
Chevrolet S10 
Blazer
2.6
of range of 
maximum and
2000 Nissan Xterra 0.88 minimum
2001 Pontiac Aztek 1.73 values. See
SUVs
2001
Nissan
Pathfinder
2.3
Figure 4.8 for 
outlier.
2001 Subaru Forester 2.07 Load factor of
2002 Toyota Rav 2.1 1988 Suzuki
2002 Suzuki Vitara 2.17 Samurai is out
2002 Jeep Liberty 3.22 of range of
2002 Hyundai Santa 1.74 m axim um  and
2002 Acura MDX 1.71 minimum
2002
Chevrolet
Trailblazer
2.65
values. See 
Figure 4.8 for
2003 Honda Pilot 2.35 outlier.
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